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FOREWORD

This work was performed by the Energy Systems (ES) Division of the U.S.
Army Construction Engineering Research Laboratory (USA-CERL) for the Director-
ate of Civil Works, Office of the Chief of Engineers (OCE), under Project

",

33252, "Civil Works Investigations and Studies"; Work Unit "Technology to Re-
duce Petroleum Energy Use in Civil Works."

Mr. Ben J. Sliwinski was the USA-CERL Principal Investigator and Mr. J.
Bickley, DAEN-CWO-M, was the OCE Technical Monitor.

Mr. R. G. Donaghy is Chief of USA-CERL-ES. COL Paul J. Theuer 1is
Commander and Director of USA-CERL, and Dr. L. R. Shaffer is Technical
Director.
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DIESEL FUEL ALTERNATIVES FOR ENGINES
I[N CIVIL WORKS PRIME MOVERS

1 INTRODUCTION

Background

U. S. Army Corps of Engineers Civil Works activities rely heavily on pe-
troleum as an energy source. To minimize U.S. economic and political vulner-
ability associated with increased or continued dependenie on foreign oil sup-
plies, attention is being focused on fuel alternatives,® including alcohols,
water/oil emulsions, coal, synfuels from shale and tar sands, vegetable oils,
and several combinations of these. Such fuels would be used primarily for
medium- to high-speed diesel engines that power Corps dredging, mat laying,
and pumping.

Objective

The objective of this work is to identify diesel fuel alternatives t¢ pe-
troleum for powering civil works prime movers. The specific goal of this re-
port was to evaluate selected alternatives based on a literature survey to
identify those most suitable for continued study.

Approach

The literature was reviewed for the most current information on diesel
fuel alternatives with respect to engine performance indicators such as therm-
al efficiency, knock, emissions, and wear.

Scope

Data in this evaluation are primarily from tests on high-speed diesel en-
gines and are limited to a discussion of performance. Issues of fuel cost or
availability are not addressed.

Mode of Technology Transfer

Upon completion of the final phases of this research, alternative fuel
application characteristics and fuel system design guidance will be dissemina-
;. ted through an Engineer Technical Letter.

E 1Corps of Engineers Energy Program, Engineer Regulation 11-1-10
(Department of the Army, 15 April 1982).
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7 ALCOHOLS

A fuel's ability to ignite quickly in a compression ignition (Cl) engine
1s indicated by its cetane number (CN).* CN has been Interpreted as describ~
ing the completeness of combustion obtainable, the extent ot engine knock or
tailure, smoke emissions, and cold startability. In a range of 0 to 100, a
typical diesel tuel has a cetane number ot 53. Although this traditional rat-
1ng system has been questioned for 1ts applicability to unconventional diesel
tuels,” this review will recognize 1ts validity as well as the ditficulties
associated with 1it.

Alcohols have a CN ot 0 to 15. Because of this poor 1gnition quality,
they cannot be used as the sole tuel in CI engines but mu;t be treated with
cetane improvers, dual fueling, emulsification or blending with water or oils,
increased ompression ratio (CR), increased inlet air temperature, or other
techniques. The tocus here is on the tirst three treatments.

In fuel modification with cetane improvers, nitrates are added to the al-
cohol and the resulting solution is substituted directly tor the original fuel
ot!., Since cetane ratings are not directl§ correlated to lgnition quality in
fuel alternatives, Schaefer and Hardenberg” measured ignition quality as a
function of ignition delay to determine blending ratios.* They defined the
minimum improver requirement as the amount that would result in an ignition
delay less than or equal to that of diesel fuel. Table ! gives
characteristics of various ignition improvers. Although not explicitly stat-
ed in thelr report, it is assumed that equal ignition delays for the improved
alcohols and diesel fuels resulted in similar levels of audible knock.

Improvers were evaluated in terms of safety, corrosivity, economy, and
ease of manutacture (Table 2). Since that investigation was conducted in
Brazil, however, it may not be representative of the situation in the United
States, especially in the area ot manufacturing. Triethylene glycol dinitrate
(TEGDN) and isoamyl nitrate are regarded as the most promising additives. Al-
though kerobrisol BRA (a cyclohexyl nitrate) has an evaluation code equal to

“CN indicates rhe volume percentage ot cetane (CN=100) in a blend of
~w—methylnaphthalene (CN=0).
H. O. Hardenberg and E. R. Ehnert, "Tgnition Quality Determination Problems
with Alternate Fuels for Compression [gnition Engines,'" Alternate Fuels for
Diesel Engines SP-503 (Warrendale, PA! Society of Automotive Engilineers
[SAE), 1981), pp 51-57.
A. J. Schaefer and H. O. Hardenberg, "lgnition Improvers for Ethanol Fuels,"
Alternate Fuels SP-480 (Warrendale, PA: SAE, 1981), pp 9-20.
“All tests were conducted on a single-cylinder DI engine with a bore of 97 mm
(3.82 in.), a stroke of 128 mm (5.04 in.), and a CR of 17:1.
4A. J. Schaefer and H. 0. Hardenberg, pp 13-1l4.
SA. J. Schaeter and H. O. Hardenberg, p 19.
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Table 2

[gnition Improvers Evaluation

Manufactur- Corrosive- Evaluation®

Name ability Safety ness Economy Code
Kerobrisol MAR -~ + 0 - n.a.
Cetanox-105 - + 0 - -1

DII3 -~ + 0 - n.a.
DII2 -- + o} - n.a.
Ethyl nitrate ++ -- 0 - n.a.
Butyl nitrate ) + o o +1
Isoamyl nitrate + + 0 ++ +4
2-Ethoxyethyl nitrate ++ + o ) +3
DEGDN ++ -— 0 ++ n.a.
DEGDN desensitized ++ 0 0 0 +2
TEGDN ++ o o} o) +4
Kerobrisol BRA ++ + -(--) (++) +4 (n.a.)

Source: A. J. Schaefer and H. O. Hardenberg, "Ignition Improvers for Ethanol
Fuels,'" Alternate Fuels SP-480 (Warrendale, PA: SAE, 1981), p 19.

“*Sum of all evaluation criteria; an evaluation "--" results in the comment

n.a." (not applicable).
++ very good
good
without effect or not ascertainable
- poor
-- very poor, cannot be used

q
4 the two just mentioned, its very poor corrosive tendencies prohibit its
b consideration.
3
¢ Ethanol/DII12 (DII2 is a mixture of primary hexylnitrates) was investégat-
g ed to test the performance of cetane-improved alcohols in diesel engines.
1 For these experiments, the tuel injection quantity was adjusted to compensate
- tor the lower heating value of alcohol, and the injection nozzle holes were
modified to accommodate a larger fuel flow. Tests showed that diesel and
ethanol fuels had very similar pertormance in terms of brake mean effective
'l pressure (BMEP) and brake specific fuel consumption (BSFC) (Figure 1).7 BMEP
¢
: ba. J. Schaefer and H. 0. Hardenberg, p lé4.
: TA. J. Schaefer and H. O. Hardenberg, p l4.
-
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Figure l. Full-load BMEP and BSFC versus engine speed for diesel
and ethanol/ignition improver fuel. (Source: A. J. Schaefer
and H. 0. Hardenberg, "Ignition Improvers for Ethanol Fuels," 4
Alternate Fuels SP-480 [Warrendale, PA: SAE, 1981], p l4.) _ .:

1s the average pressure on the piston during the power stroke and is derived
trom measuring the brake horsepower output. BSFC is proportional to the in-
verse of the overall thermal efficiency and is indicative of the fuel consump-
tion rate (energy input) per rate of energy output.

Emissions from engines with the improved ethanol showed fewer
hydrocarbons and nitrous oxides and less black smoke than the diesel-fueled ]
engine under most operating conditions (Figure 2).8 oxides of nitrogen were i
greater than diesel emissions, while engine speed was below 45 percent

capacity, but less than the diesel at faster speeds. This result is contrary .i

to expectations, since the alcohols were improved with nitrates. However, un- X

burned ethanol and aldehydes in the exhaust were not measured. B

Alcohol fumigation involves the addition of alcohol to an engine's intake "o

air. In addition, diesel fuel is injected in the normal way to act as a pilot -3

light for the alcohol. Heisey and Lestz’ experimented with the alcohol R

tumigation in a diesel engine with simultaneous diesel fuel injection to moni- -]

tor effects on thermal efficiency, combustion, smoothness, and emissions. :

-

T e

f The experimental engine was a four-cylinder, 4.47-kW (6-Bhp) diesel with - @
} a 716.2-mm (3-in.) bore, 77.79-mm (3.0625-in.) stroke, 21.7 CID, 18:1 CR, and a

l .

| S -

; 8A. J. Schaeter and H. O. Hardenberg, p 15. .

J. B. Heisey and S. S. Lestz, '"Aqueous Alcohol Fumigation of a Single-Cyl- °

“ inder Dl Diesel Engine," Alternate Fuels for Diesel Engines SP-503 (Tulsa, i

OK: SAE, 1981), pp l-l4.
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Figure 2. Relative exhaust emissions at full-load operation with
ethanol/ignition improver tuel. (Source: A. J. Schaeter
and H. 0. Hardenberg, "Ignition Improvers for Ethanol Fuels,"
Alternate Fuels SP-480 [Warrendale, PA: SAE, 1981}, p 15.)

rated speed of 3000 rpm. With this engine, up to 30 percent of the energy re-
quirement could be substituted with ethanol, with rthe amount of substitution
limited by ignition failure or knock. The amount substituted could be
increased, however, as the load setting was increased. The brake thermal ef-
ficiency (BTE) of various combinations of ethanol and water was plotted as a
function of fumigated ethanol at 2400 rpm (Figure 3). All fuels were tested
to their misfire limit.

At large load settings, BTE rose somewhat with increased percentages of
alcohol. This increased efficiency is assumed to be due to rapid combustion
near top dead center, which approximates a constant~volume process. This
nearly constant-volume combustion is closer to an Otto cycle than a diesel
cycle and is more etficient for the fixed-compression ratio of the engine
hardware. Rapid combustion i1s promoted by the increased ignition delays and,
theretfore, the large quantities of vaporized alcohol present at ignition.
Pressure rise is greater for this combustion and may be due to the more rapid
release of heat and the larger quantity ot moles of product tormed during
alcohol combustion. Also, heat loss may be reduced in this rapid combustion.

At smaller load settings, for example, at 1/3 load, BTE is lower, and
less alcohol substitution is permitted before misfire. At this load, less

105, g, Heisey and S. S. Lestz, p 5.

CUNE. SRR, S LY SN N v . S . S

@' o)

@
e

il b

PR S Sy




| GO A A A A A g i S S N e e T R Rea et RAn I ir ke Jha SR O A A e A .
. g
LY T .
FUEL TYPE )
20 } | © 200 Prf Ethanol - -
A 180 Prt Ethanol o
0O 16 0 Prf. Ethanol o
© 140 Prf Ethanol Full Rack -
15 .
30 F '
o
1
25 | -
3 . - - 0 ]
g
oy g ®
: 4
o® 20 -
(8]
E"
- 2/3 Rack
E I5L - K
s 20F =
-
F Misfire Limit
15 — °
i
1
Q "
: IO - —
S o
- K
& /3 Rack :
S
{ 5 k1 1 ] 1 ] ] L
[ 0 o] 20 30 40 50 60 ‘
' % Ethanol by Energy L
,E" Figure 3. Therma! etticiency as a function of fumigated ethanol at '
$ 2400 rpm. (Source: J. B. Heisey and S. S. Lestz, "Aqueous
N Alcohol Fumigation of a Single-Cylinder Dl Diesel Engine,"
: Alternate Fl‘filjiir,,m"’s"-l, Engires $P-503 {Tulsa, OK: SAE,
ﬁl 1981], p 5.) °
)
3
b
¢
}' 1>
r. . ®
1 .




r-—vvw- Yy e - v - ¥ avav ¥ T E e L e e Ny v W Poodiun” S AL oo .

total heat 1s released and a proportionately larger amount ot this heat is
lost.  Furthermore, less net heat 1s available tor combustion, and burning
quality deteriorates,

s

The amount ot water 1n the tuel had minimal effects on engine
pertormance, althoush the i1ncreased water percentage 1n the lower proof fuels
did expedite combustion quenching. Duplicate tests with methanol showed simi-
lar results at medium and high loads, but slightly decreased performance at

4

4

- 1 -

n low loads. /.j

lgnition delay lengthened with greater additions of alcohol (Figure d),ll -
as well as with decreasing alcohol quality (i.e., lower proof). This increas-
oy ed delay led to combustion knocking. Figure 5 shows the region ot intense
knock."* In rhis interval, combustion noise increased due to lengthy ignition ®
I delay, which resulted in cooling of the vaporizing alcohol; rapid combustion
4 ot large amounts of vaporized alcohol at ignition also contributed to the
} noise.

‘ Emissions of nitrous oxides, carbon monoxide, and particulates were moni- ‘@
- tored in this fumigation experiment. Figures 6 and 7 show the nitrous oxides 1
and carbon monoxide emissions as a function of fumigated ethanol. In gener- R
al, nitrous oxides emission increased over baseline conditions at full load,
remained fairly stable at 2/3 load, and decreased at light load. These emis-
- sions were dependent on water, such that greater water concentrations led to ;
;l fewer emissions. Carbon monoxide emissions increased with additional alcohol "
1 substitution at 1/3 and 2/3 load, but had little change at full load. Since
the amourt of carbon monoxide emissions indicates completeness of combustion,
the high latent heats ot vaporization for the alcohol may have required more
heat than could be supplied at lower load settings.

lalaa s o

‘

®
Table 3 gives particulate emissions for this fumigation experiment.la oL

These data show a general decrease in particulate emissions with increasing
alcohol ftumigation,

MR (\Of

L! Two concerns not thoroughly analyzed but mentioned in the Heisey and ®
] Lestz report are particulate bivlogical activity and engine wear. Limited -,1
! testing showed increased biological activity of particulates, with potential b
I impact on public health not mentioned. Briet visual and physical measurements :
L of engine components showed no abnormal wear of the combustion chamber and .
’ piston. N
‘ LJ

E Shirvani evaluated various mixtures of alcohol and diesel fuel using q
alcohol blends of No. 4 diesel oil (D4) and heavy virgin distillate (HVD) ;

[ Y15, 8. Heisey and S. S. Lestz, p b. )

3 12J. B. Heisey and S. S. Lestz, p 7. o
= 135, 8. Heisey and S. S. Lestz, pp 7-8. s
b 145, 8. Heisey and S. S. Lests, p 9. :(A
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similar to SAE No.o 2 diese!l tuel specitications,.  Fhe viscous distillates were
added 1n an attempt to upgrafg the alcohol tuel., Table 4 gives the composi-
tion ot wxpcrimon&gl blends, nnq Tdble 5 lLists propcrt?es ot the blepd; and
rtheilr components. These compositions were derived empirically to eliminate
mixing and cetane problems while staying within SAE specitications.

}
Jon]

Tables & and 7 show requirements tor diesel tuel oil as suggested by SAE
and the American Society tor Testing and Materials (AsTM) 7 based on
viscosity, heating value, mineral content, and pour point. Fuel viscosity
indicates resistance to flow, which affects the engine's injection system by
reststing division into a spray. Low-viscosity fuels promote lubrication
problems and may cause wear. High-viscosity fuels can cause major pump resis-
tance and damage to the filter. Heating value 1s the fuel tlow rate required
to produce the desired output and is indicative of the energy potentially
available for combustion. Sulfur, ash, water, and :ediment contents are mini-
mized to avoid deposits that could abrade engine pirts, accelerate corrosion, 1
and block injector systems., Pour point is the lowest fuel temperature at
which pumping can continue. This value can be crucial in cold climates. Syn-
thesis of appropriate blends must take these fuel properties into
consideration.

[T G SO U

>y

i

PECTRCIN

.
All tests were run at very high speed (1754 to 2193 rpm) on a tour-cylin- '1
der, tour-stroke, DI diesel with a 96.8-mm (3.81-in.) bore, 104.8-mm (4.13- ]
in.) stroke, 16.5:1 CR, and rated at 31 kW (Bhp 41.57). All blends for this
Table 4
. . .
Volume Composition of Blended Fuels (Volume %) ”i
.. »1
Fuel D2 D4 HVD Ethanol Butanol Cetane I[mprover e
B
HVD blend 0.0 0.0 75 15 10 0.0 ®
D4 blend w/CI 48.5 4.85 0.0 29.1 14.6 3.0
{ D4 blend w/o CI 50 5.0 0.0 30 15 0.0
e R o
F— Source: H. Shirvani, et al., Pertormance of Alcohol Blends in Diesel Engines, .
= SAR Paper 810681 (SAE, 1981). o
« ®

1 R i . .

b 15H. Shirvani, Alternate Fuels tor Diesel FEngines, unpublished master's thesis
i (University of Illinois, 1982), p 29.
*

b

|

H. Shirvani, C. E. Goering, and S. C. Sorenson, Performance of Alcohol j
Blends in Diesel Engines, SAE Paper 810681 (Warrendale, PA: SAE, 1981).
P “'H. Shirvani, et al.; C. E. Goering, et al., "Fuel Properties of Eleven Vege- o

table Oils," Transactions ot the American Society of Agricultural Engineers
(ASAE), Vol 25, No. 6 (1082), p 1473.
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Fable 6

NDetailed Requirements tor Diesel Fuel Oils

Distillation

Flash Water and Ash Temperatures  Kinematic Sulfur
Diesel  Point Sediment Weilpht at 90% Point Viscgsity Welght Cetane
Fuel (’c) (vol %) (%) (°c) (mm</s) (%) No.
Min Max Max Min Max Min  Max Max Min
No. 1 38 0.05 0.01 -- 288 1.3 2.4 0.50 40
No. 2 52 0.05 0.01 282 388 1.9 4.1 0.5 40
No. 4 0.50 0.10 -- -- 5.5  24.0 2.0 30

Source: H. Shirvani, Alternate Fuels for Diesel Engines, unpublished master's

thesis (University of Illinois, 19b2).

Table 7

Tests and Limits for No. 2 Diesel Fuel Properties

Test ASTM Test No. ASTM Limicts
Viscosity (mm?/s) D445 1.9-4.1
Distillation temperature (°C) D86 282-338 @ 90% pt.
Cloud point (°C) D2500
Pour point (°C) D97 i
Flash point (°C) D93 52 min.
Water and sediment (% by vol) D1796 0.05% max.
Carbon residue @ 10% residium D524 0.35% max.
Ash by weight (%) D482 0.01% max.
Sulfur by weight (%) D129 0.5% max.
Sulfur, copper corrosion D130 e
Cetane no. D613 40 min,

Source: C. F. Goering, et al., "Fuel Properties of Eleven Vegetable Oils,"

Iransactions ot the American Society of Agricultural Engineers
(ASAE), Vol 25, No. 6 (1982), p 1473.

“Cloud point is not specified by ASTM. Satisfactory operation should be

achieved in most cases if the cloud point is 6°C above the tenth percentile
minimum temperature for the area where the fuel will be used.

“*Pour point is not specified by ASTM, but generally occurs at 4.4 to 5.5°C

below the cloud point (Lil jedahl, et al., 1979).

“%Thig test for active sulfur is interpreted by comparison of the immersed

strip with standard immersed strips. Corrosion shall not exceed that on a
No. 3 standard strip.
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vngine Wwere premixed ing injected with the existing tuel 1njection system,
since the engine was not moditied. Various engine performance indicators were
plotted agatnst the equivalence ratio (ratlio ot the actual tuel/alr ratio to
rhe stolchiemetrtic fuei/alr ratio) to compensate for the ditfference 1in
stoichiometric tuel’air ratios.

Addition ot ethano! to No. 2 diesel tuel degrades the fuel by lowering
‘s heat content, viscosity, CN, and stability. Lower heat content reduces
power output and :ncreases fuel consumption per unit ot work. Figures 8 and
9 show trends in Bhp (see BMEP data) and BSFC.*' Highest pertormance was ob-
tained from the blends at 2000 rpm. At the lower speeds (1754 rpm), BMEP and,
rhus, power output were less than those tor the baseline tuel; at mid- and
high-range, BMEP and power were equal or slightly higher than the baseline
tuel's. Also, power output for all tuels increased with a richer fuel mixture
{(high equivalence ratio). BMEP was directly proportional to power output in
these tests because the speed was held constant.

Although data at varying speeds are not shown, the increase in BSFC was
more pronounced at lower speeds. Phase separation was a stability problem
with the ethanol and diesel fuel mixture attributed to water contamination or
structural ditterences between alcohols and hydrocarbons.

The ethanol blend's lower CN delayed combustion and increased noise.
Krocking 1n a CI engine results from a high rise in combustion chamber
it ignition is delayed too long and the fuel's self-ignition
remperature is too high, a comparatively large amount of tuel will be 1n the
cvlinder. This heavy fuel concentration can ralse the pressure rapidly enough
{0 cause 4 pressure wave propagation and, thus, knock. Longer ignition delay
was derected in the fuel blends compared to baseline fuels, but this condition
improved as the equivalence ratio increased.

pressure.

"hermal etrficiency ot the ethanol-diesel blend 1s lower than that of neat
cundiluted) diesel fuel at medium and light loads, but is mostly consistent
with the diesel =tticiency at tull load. More complete combustion at high
luads 1s assumed to produce this better efficiency. Experimental results con-
tirmed that BTE closely paralleled the baseline tuel at high speeds; at lower
speeds (1745 rpm), the BTE diminished no more than 10 percent.

Positive aspects ot burning ethanol diesel blends instead of No. 2 diesel
tuel include (1) less smoke and (2) lower exhaust temperature resulting trom
ethanol's higher heat ot vaporization and, thus, the greater energy require-
ment to vaporize the blend. This larger energy consumption leaves less energy
i the exhaust and, hence, a lower exhaust temperature.
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Figure 10 shows rhe petroleum savings with blended elslq expected
results 1t the mixtures were burned with a thermal etticiency equal to the
baseline tuel. These results show that the D4 blend can produce a 20 to 37
percent petroleum savings and the HVD blend can produce up to 18 percent
savings. The savings depend on engine load and speed.

Butanol-diesel blends are promising alternatives, Miller and smith?0
tound little ettect on Bhp with diesel-butanol blends. Butanol can also be
mixed i1n Most concentrations without phase separation.

To summarize these data, alcohol tuels tended to require high speeds and
fipgh loads for satistactory pertormance. Thermal efficiency reached or
exceeded diesel results at very hi,h speeds (above 1500 rpm) and medium or
heavy loads (2/3 and full loads, respectively) in blending and tumigation
rests. At low l!oads, fumigation techniques could not meet baseline diesel
tuel etficiency, nor could alcohol-o1l blends at speeds relatively low for the
testing range (1754 rpm). Similar BSFC data between cetane—improved alcohol
and diesel tuel indicated comparable etficiencies for the two tuels. Speed
Intormation to accompany efticiency data was not included 1n Schaefer and
Hardenberg's rejort on improved alcohol.

Horsepower ratings for alcohol fueling techniques were included only in
Shirvani's findings on alcohol blends. These blends increased hp at high
speed, produced no change at medium speed, and decreased output at low
speed. Although Shirvani categorized these test speeds into high, medium, and
low, that entire test range is classified as very high-speed in this report.
Results on hp output were not included for cetane-improved alcohol testing,
but BMEP data were. BMEP for improved alcohols parallel diesel fuel values
and suggested a parallel in Bhp as well.

Knock apparently was no problem in the cetane-improved alcohol fuels.
Audible knock was detected during fumigation and blend trials, but was not
quantified. Descriptive observations mentioned increased knock with increased
alcohol tumigation and with decreased equivalence ratio in alcohol-diesel o1l
blend runs,

Emission information was recorded to varying degrees for the three
technologies. With cetane-improved alcohol and alcohol-oil blends, less black
smoke was emitted than with baseline diesel fuels. However, black smoke
levels were not monitored during fumigation. Nitrous oxides emission was
greater with cetane-improved alcohols than for diesel fuel at less than 45
percent of some unknown speed capacity, but was less than diesel at higher
speeds. The nitrous oxide emissions during very-high-speed testing with fumi-
zation revealed fluctuation with load: quantities were higher than for diesel

19H. Shirvani, et al.

20c . L. Miller and J. L. Smith, "Using Butanol Fuel Blends," ASAE Paper
80-15 24, presented at ASAE Winter Meeting, 2-5 December 1980 (St. Joseph,
MI: ASAE, 1980).
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Diesel Engines,
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exhaust at tull load, mostly con
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blends had lower temperatures.

were higher at light and medium
Py baseline diesel fuel emissions a
F results with the alcohol fuels.®

Py “Table 8 also summarizes test re

Petroleum savings with blended fuels.

20 30
POWER (kW)

(Source:
al., Performance of Alcohol Blends in
SAE Paper 810681 [Warrendale, PA: SAE,

sistent at 2/3 load, and lower at 1/3 load.

Improved-alcohol exhaust had lower hydrocarbon concentrations and alcohol-oil

Carbon monoxide emissions during fumigation
loads, but not increased significantly over
t full load. Table 8 summarizes experimental

sults trom water~oil emulsion fuels. However,

since these experiments show no significant fuel savings or emission improve-
ment, no further space is devoted to this discussion.
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3 CoAL

The relative abundance ot U. S. coal reserves has raised hopes for the
possibility ot coal-tueled diesels. Most experiments with raw coal have not
produced promising results; liquitied coal fuels, however, are feasible
substitutes but will require substantial refinement.

Marshal, et d%i' tueled a diesel engine with slurries ot No. 2 diesel
tuel and raw coal.” The test engine was a single-cylinder, tour-stroke,
14.75-hp (11-kW) engine with a 1ll.43-cm (4.5-in.) bore, 13.34-cm (5.25-in.)
stroke, displacement ot 1360 cc (82.99 ¢u in.), 15:1 CR, and 1800-rpm rated
speed. Three sample tuels containing 20, 32, and 40 percent by weight coal
wer% examined with particles of average diameter equal to 30 microns (1.2 x
1077 in.). Runs of straight No. 2 diesel fuel were conducted for baseline
values; Lower Freeport seam coal was used for the 20 and 40 percent slurries,
whereas the 32 percent slurry was gade from Pittsburgh seam coal. Figure 11
shows compositions ot these coals.”

Power output, energy consumption, and emissions were monitored during the
test. Engine parts were measured befcre and after testing to determine
wear, All fuel types were run through the engine for 10 hr except for the 40
percent blend; trials with that mixture were stopped after 1 hr because of ex-
tremely poor pertormance. For each test, engines were run at full rack and
1400 rpm,

Figures 12 and 13 _depict the power output and BSFC of trial slurries and
baseline diesel fuel.Z3 The power output declined rapidly as higher coal con-
centrations were used. Moreover, energy consumption increased with increased
coal concentration, thus requiring faster fuel ftlow rates. Mass and energy
calculations suggested that coal particles were practically inert. One theory
for the poor coal combustion suggests that the diesel fuel i1gnites first and
the coal is left to burn on the expansion stroke with depleted oxygen. These
tests were with a high-speed engine, however; slower engines might perform

better because they provide more time for combustion,

Figures 14 and 15 show emissions of sulfur and nitrogen oxides, respecti-
vely. Substantially higher concentrations of these pollutants were detected
tor the slurries than for the diesel tuel. Emission problems, coupled with
increased wear, further dim the prospects for use of coal fuels in the near
future. For example, unreasonably high amounts of wear were reported for the
rings, piston, and lining. The injection nozzle was lodged open with coal and

2ly . p, Marshal, et al., "Pertormance of a Diesel Engine Operating on Raw
Coal-Diesel Fuel Slurries,” Alternate Fuels SP-480 (SAE, 1981), pp 59-70.
2H. P. Marshal, et al., p 60.

23H. P. Marshal, et al., p 62.

24y p, Marshal, et al., p 65.
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PERCENT BY WEIGHT COAL
IN No.2 FUEL OIL

Figure 11. Chemical analysis of micronized coal in oil, moisture tree

basis. (Source: H. P. Marshal, et al., "Pertormance of a
Diesel Engine Operating on Raw Coal-Diesel Fuel Slurries,"

Alternate Fuels SP-480 [Warrendale, PA: SAE, 1981}, p 60.)
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Figure 13.
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» Pittsburgh Seam Coal

# % Lower Freeport Seam Coal

No 2
Fuel

00 -

80

Power Qutput, kilowatt

Power production ot a single-cylinder 1360-cc diesel

engine operating at tull rack and 1400 rpm on raw coal-

No. 2 fuel oil slurries. (Source: H. P. Marshal, et al.,
"Performance of a Diesel Engine Operating on Raw Coal-Diesel
Fuel Slurries,'" Alternate Fuels SP-480 [Warrendale, PA:

SAE, 1981], p 62.)
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Enersy consumption of a single-cylinder 1360-cc dinsel
engine aperating at a tull rack and 1400 rpm 5n raw
coal--No. 2 fuel oil slurries. (Source: H. P, Marshal,
et al., "Pertormance of a Diesel Engine Operating on Raw
Coal-Diesel Fuel Slurries,” Alternate Fuels SP-480

[Warrendale, PA: SAE, 1981]. p 62.)
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Figure l4.

20 % - Pittsburgh Seam Coal -
# #- Lower Freeport Seam Coal
10.0 |
80 }
[\Y]
o
o 6.0
EI;
alx
*
20 No 2 20% x_* 40%,
F Fuel by 32% by
Qil Wt Wt wt
l | Coal Coal Coal
0.0

Comparison on power basis of amount ot SO, compounds in
exhaust of a single-cylinder, 1360-cc diesel engine operating
at full rack and 1400 rpm on raw coal--No. 2 fuel oil
slurries. (Source: H., P. Marshal, et al., "Performance ot a
Diesel Engine Operating on Raw Coal-Diesel Fuel Slurries,"
Alternate Fuels SP-480 [Warrendale, PA: SAE, 1981], p 65.)
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Comparison on power basis of amount of nitrous oxides
in exhaust of a single-cylinder, 1360-cc diesel engine

aperat ing at tull rack and 1400 rpm on raw coal--No, 2
tuel o1t slurrivs. (Source: H. P. Marshal, et al.,
"Pertormance ot 4 Diese] Fneine Operating on Raw Coal-
Diesel Fuel Slurries,” Alternate Fuels SP-480 [Warrendale,

PAT  SAE, 19811, p hS.)

Al




B A St St Sad /e S Seate SEa ) ABam et Sath e ARSL Sk Sl Sad i Jeedh Sadh A e I i A T Eol S RN Bl Tl e - -

SVVRTYY ey

g

™ v
-

0 YT Ty Y YT
.‘ B .

—Y T

~v vy
)

4 thorough coating ot coal was discovered over the combustion chamber with the
high-concentration slurries.

Dunlay, et al., burned diesel oil-coal slurries in a large, slow-speed
engine with somewhat better results.” Table 9 shows the compgstition ot their
blend,“” and Figure 16 gives specifics on coal particle sizes.” This tuel
was tested in an engine with a 760-mm (29.92-in.) bore, 1550-mm (61.02-in.)
stroke, 10.63:1 CR, 120-rpm rated speed, and 1471 kW (1972.6 hp).

Fuel could not be injected successtully with the standard Bosch-type in-
jection system. Pump seizure and blockage ot the pump plunger and valve stem

Table 9

Coal /011 Slurry Specifications

Ultimate Coal Coal/0O1l
Analysis (As Diesel 0il Slurry
(%) Received)™ No. 2 (As Used)¥

Lecithin - - 1.62
Moisture 1.6 - 0.50
Hydrogen 4.4 13.3 10.30
Carbon 79.8 5.9 82.176
Nitrogen 1.4 0.02 0.46
Oxygen 3.3 - 1.04
Sulfur 1.0 0.78 0.84
Ash 8.5 - 2.68

Heating Value

(Bru/lb)
HHV 14,013 19,410 17,432
LHV 13,585 18,258 16,524

Source: J. B. Dunltay, et al., Pertormance Tests of a Slow Speed, Two-Stroke
Diesel Engine Using Coal-Based Fuels, NTIS TE7905-267-80, Contract
No. EF-77-C-01-2647 (U.S. Department of Energy, June 1980), p 34,

“Coal type was Lower Freeport Pennsylvania Seam.
“*Slurry was prepared by Union Process, Inc., Akron, OH. Content by weight
was: h7.03% diesel otl, 35.55% coal, and 1.42% lecithin.

255, 8. Dunlay, et al., Performance Tests of a Slow Speed, Two-Stroke Diesel
tngine Using Coal-Based Fuels, NTIS TE7905-267-80, Contract No. EF-77-C-
01-2647 (U.S. Department of Fnergy, June 1980).

J. B. Dunlay, et al., p 34.

27y, B. Dunlay, et al., p 35.
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PARTICLE DIAMETER, MICRONS

LR L L L L
SAMPLE NO. PC-48

FEED: 40 WT PCT LOWER FREEPORT SEAM COAL, 82 PCT THRU 200 MESH, _|
60 WT PCT NO.2 FUEL OIL,3.0 PCT AND O.1 PCT EACH BY WT OF COAL
LIQUID LECITHIN AND CAB-O-SiL ADDED.

Lily

|

|

COMMINUTION: PREGROUND 3 HRS IN BATCH ATTRITOR, THEN FINISHED
11/2 HRS IN CIRCULATION TYPE ATTRITOR.

—
MEDIAN

\J\ | / _
e @2 ° e
7@'\. 704 @ /OLUME BASIS -
~ \ 2 \'Rsop -

~ \l I °

’ NUMBER BASIS \‘

\ -

VOLUME BASIS

- —
— -
— —_
- —
. LEGEND
CURVES | AND 2: COULTER COUNTER, MODEL TA-1I,
70 MICRON APERTURE —
CURVES 3 AND 4: SCANNING ELECTRON MICROSCOPE, O
VISUAL MEASUREMENT, 150 PARTICLES
[ ' S |
5 10 20 30405060 70 .O 90 95 98
CUMULATIVE PERCENTAGE GREATER THAN GIVEN
PARTICLE DIAMETER
Particle size distribution ot micronized ccal in oil (MICO).
(Source: J. 8. bunlay, et al., Pertormance Tests of Slow

Speed, Two-Stroke Diesel Hnpine Using Coal-Based Fuels,

NTIS TE7905-267-80, Contract No. EF-11-C-01-2647 [U.S.
Department ot Eneryy, June 19801, p 35.)
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necessitated a replacement 1njection system. The substituted accumulator
injection system pertormed satistactorily. In this setup, a diaphragm pump
sends tuel to an accumulator, where tt 135 later metered by a hydraulically
operated 1njection valve.

Although unhampered engine startup and shutdown on coal/oil slurry were
demonstrated during the experiment, data taken betore and atter slurry tests
on diesel tuel revealed pertormance deterioration as evidenced by the diesel
tuel's increased BSFC. The slurry caused heavy wear on the injection nozzles
and wear and binding on plston rings. Lubrication scouring of the cylinder
liner was predicted to cause tuture problems,

Even with hourly changes ot the tinjection nozzle, the diesel fuel heat
rate increased. Theretore, ring condition was considered the major factor 1in
increased tuel consumption. The diesel fuel heat rate after the slurry test
was up 2.5 to 4.6 percent ot preslurry test values.

gigures 17 and 18 show experimental results of slurry and diesel
runs.” BSFC, black smoke, and nitrous oxides emisstion for slurry tests was
areater than tor diesel runs. Ignition lag was also greater, but no knocking
was reported. Dunlay's group did not suspect unreasonably delayed or incom-
plete combustion as seen in the high-speed slurry test.

Duniay, et al., also investigated fuels derived from liquified coal, in-
v uding char oll enerpy development (COED) fuel and solvent refined coal (SRC-
S0) tuels Table (0 gives tuel analyses and compares them with diesel

"»Z.Jg “he same engine used in the diesel/coal slurry experiment was used.
ooer rmanee ondicators such as BSFC, smoke emissions, and 1gnition lag
w- e 7o et aith o wariable engine loads, while timing, injection pressure,
4l resware remained constant.  COED fuel paralleled baseline diesel
s ooy narameters (Figure 19).3 BSFC decreased with increasing
vrosoo- e e and baseline diesel.  Smoke emissions remained at a tfairly
i Sovinee tewel throughout testing.  [egnition lag decreased with in-
R T eoav was longer tor the COED tuel than for the diesel, but
Cavc oL 4 trterences ot rhe values were very slight.  Knocking was not a
s e COED el combustion.  Additional testing with COED showed r-
cvaraclel to diesel with variable injection timing, 1njection pressure,
and air Tressare,

?BJ. B. Dunlay, et al., pp 41-42.
J. B. Dunlay, et al., p 22.
J. B. Dunlay, et al., p l6.
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{ Figure 17. Tests with coal oil slurry. (Source: J. B. Dun'ay, et al.,
e Pertormance Tests of Slow Speed, Two-Stroke Diesel Engine
[ Using Coal-Based Fuels, NTIS TE7905-267-80, Contract No.
EF-11-C-01-2647 (U.S. Department of Energy, June 198G], p 4l.
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X —.—.~ DIESEL FUEL (AFTER SLURRY RUN)
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Figure 18. Tests with coal/oil slurry at constant speed = 120 rpm.
(Source: J. B. Dunlay, et al., Performance Tests of Slow
Speed, Two-Stroke Diesel Engine Using Coal-Based Fueis,
NTIS TE7905-267-80, Contract No. EF-11-C-01-2647 [U.S.
Department of Energy, June 1980], p 42.)

Figure 20 shows emissions trom the COED normalized to emissions of diesel
fuel at tull load. Nitrous oxides and carbon monoxide emissions were
greater for COED, but hydrocarbon emissions were lower than for diesel ex-
haust. Overall, COED fuel imitated diesel performance reasonably well without
engine modification. Refinement costs to produce COED from coal _were con-
sidered economically prohibitive in an earlier report by Dunlay, 2 4ith COED's
high hydrogen content cited as a major expense.

SRC-I1I fuel has a very low CN ot 0.8. Trial runs with this fuel produced
severe knocking due to poor ignition quality. Various methods of improving
combustion were attempted, such as blending with diesel o0il, elevating air and
cooling temperatures, preinjecting SRC-II, and pilot injecting with diesel
oil. Combustion performance with the diesel pilot was superior to other
alternatives.

Although mixtures of SRC-II and diesel oil produced satisfactory levels
ot knock with an 80 percent SRC-11/20 percent diesel oil blend ruaning at tull

-

31J. B. Duniay, et al., p 21.
325, 8. Dunlay, et al., Economic and Technological Assessment of Diesel
Engines Using Coal-Based Fue.s ror Electric Power Generation, NTIS

TE4234-37-80 (U. S. Department of Enerpy, September 1979).
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Table 10 .‘
Comparison ot Fuel! Analysis Data _
-4
.1
Fuel 1
SRC-11 Diesel Fuel ~COED
Sample No. Sample No, Sample No,
Analysis 12082 12094 12041 J
Dec 78 Dec 77 ®
Specitic pravity at 20°C (a/cm3) 0.975 0.842 0.935
Viscosity at 20°C (cSt) S5.41 5.55
Viscosity at 40°C 3.01 2.81/50° 6.78/50°
Refractive index at 20°C 1.5450 - 1.529 4
Pour point (°C) -30 - +21 .1
Flash point in closed cup (°C) 75 82 49 )
Caloric value (upper) (kJ/kg) 40153 45140 43482 f
Caloric value (lower) (kJ/kg) 38227 42460 40890
Content ot:
- Carbon (%) 86.7 85.9 88.9 “
- Hydrogen (%) 8.95 13.3 10.5 4
- Sulfur (%) 0.21 0.78 0.13
- Oxygen and nitrogen (%) 4.14 0.02 0.47
- Ash {ppm) 10 80 20
- Water (%) 0.1 <0.1 ]
- Paraffins, naphthenes, aromatics (%) - - 39.8/25.8/34.4 °
Ratio - Hydrogentcarbon 1.229 1.8434 1.407 ]
Conradson carbon residue (%) 0.02 0.04 0.64
Aniline point (°C) <-15 72 50 ]
Total acid number (mgKOH/g) 0.11 - - L.
Diesel index 0.7 58 23 -
Cetane number 0.8 54 30 ;
Boiling analysis at atmospheric T 4
pressure (°C) B
Initial boiling point 158 204 117 ?
5 Vol. % boiling up to 195 - 130 1
10 Vol. % boiling up to 202 »39 =202 )
20 Vol. % boiling up to 208 ATV R ®
30 Vol % borling up to RES . Sy 3
40 Vol.o % borling up to 28 BREN p "
50 Vol, % boiling up ‘o 204 <) Vi -
A0 Vol. % borling up to P REN 152 X
10 Vol, Lol up oo 33 N i 7
=0 Vol o i . - .‘
90 Vol. L obotiine o T o) Ih - o)
Up to 35%0°C are dustatoed (ren b)) "y 3o -+ ~
3o ‘). i v Yo, e T o R P v 1
Dicse, “0oIine J5in. o meaeon o jn/ﬁGETLQ/m;J, Gt ract ®
No. 6F=717-C-01-2047 (1.5, emarime LooSterar, sune [oUl, o G4,
W3
.1
.
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Figure 19. COED tests--Variable load. (Source: J. B. Dunlay, et al.,
Performance Tests of Slow Speed, Two-Stroke Diesel Engine
Using Coal-Based Fuels, NTIS TE7905-267-80, Contract No.
EF-11-C-01-2647 [U.S. Department of Energy, June 1980}, p 16.)

load, lower load settings intensified the knock to intolerab%g levels. Lesser
concentrations of diesel oil had the same effect (Table 11). Through trial
and error, optimal ignition delay periods for this engine were set at 2.5 and
3.0 ms. [t was noted that faster engines would need shorter delays for smooth
combustion and would thus require more diesel oil in the mixture.

Experiments with elevated temperatures were conducted with a blend of 10
percent diesel o1l and a 75 percent load. Increasing air, ftuel, and coolant
temperatures did not lower 1ignition dgkay times to an acceptable level. Table
12 shows the resulting delay periods. Full-load trials at elevated tempera-
tures were not attempted.

Varied conditions when preinjecting a small amount of SRC-II led to simi-
lar disappointment. The shortest delay achieved still produced significant
knocking.

I[njecting a small amount of diesel oil to pilot SRC-II combustion produc-
ed quality (low-knock) burning at all load settings. On average, 3.5 percent

335, B. Dunlay, et al., 1979, p 25.
345, B. Dunlay, et al., 1979, p 26.
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i/ Power: 1470 kW/cyl. -
80 Speed: 120 rpm
Nozzle: 125°x 12 x 0,65 R
CO% Date: 15.-17. March 1978
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. e e == COED Oil
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Figure 20, COED exhaust gas emission measurements. {Source: J. B.
Dunlay, et al., Performance Tests of Slow Speed, Two-Stroke
Diesel Engine Using Coal-Based Fuels, NTIS TE7905-267-80,
Contract No. EF-11-C-01-2647 [U.S. Department of Energy, June
19801, p 21.)
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Table 11

[gnition Delay Time and Knocking Sound With

Fuel Mixing and Engine Load
(Room Temperature Fuel)

Engine Load Diesel Oil Content Ignition Delay
(%) (%) (ms) Knocking Sound
90 100 0.8 Normal
20 2.6 Normal
10 4.3 Hard
7 6.2 Very hard
75 10 8.7 Extremely hard

Source: J. B. Dunlay, et al., Performance Tests of a Slow Speed, Two-Stroke

Diesel Engine Using Coal-Based Fuels, NTIS TE7905-267-80, Contract
No. EF~77-C-01-2647 (U.S. Department of Energy, June 1980), p 34.

Table 12

Ignition Delay Time Improvements With Elevated

Temperatures and Preinjection
(10% Diesel 0il, 75% Load)

Ignition Delay

Test Condition (ms)
Normal
Air temp. 40°C
Cylinder cooling temp. 48/62°C (in/out) 8.7
Piston cooling temp. 36/45°C (in/out)
Fuel temp. 25°C
Air temp. increased to 70°C 5.8
Cylinder cooling temp. increased to 63/75°C (in/out) 5.5
Piston cooling temp. increased to 47/60°C (in/out)
Fuel temp. increased to 50°C (injection timing changed) 8.95
135°C 4.0
165°C 3.5
195°C 3.5
Preinjection 4.2
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ot the total tuel injection was tound to be an adequate fraction of pilot die-
sel otl, resulting in BSFC and smoke values quite close to those of baseline
diesel tuel (Figure 21).3 BSFC was slightly higher than for diesel fuel at
all loads, but not unreasonably so. Ignition lag was up to 1.5 ms higher, but
still within accepted limits. Piloted SRC-II showed continued increases in
nitrous oxide exhaust, whereas diesel fuel output 1ev§Led otf near 70 percent
load and decreased slightly at tull load (Figure 22). 6 The greatest separa-
tion of values occurred at 100 percent load: here, data differed by 5 g/kWh
(8.22 x 1073 lbm/hp-hr).

Even with the noted deviations of SRC-IT from diesel oil standards, quite
acceptable pertormance was demonstrated in a slow-speed diesel. Emission
standards and reintorcement cost would need to be reviewed before large-scale
use ot this tuel, however. Also, SRC-II attacks rubber hoses and O-rings, a
tendency that may prevent long-term runs or necessitate retrofits with differ-
ent material rings and hoses.

To summarize, solid coal slurries and solvent-retfined coal are not up to
par with expectations for tuel alternatives. Slurries caused wear problems at
all loads and speeds, and combustion pertormance deteriorated substantially
trom diesel baselines. Injection and pumping problems required special atten-
tion.

|
1 18
9/ kWh |
BTU/KWh 530 é
9000 N s
AR
220 — N Brake spec. fuel consumption
] \ L BSFC (H,= 41870 KJ/kg)
g = I i 4
e 3
[723 s -
@ 1204+ — AL
_ 12
8000
3 4 5 6 7 8 9 10 It bar
' 1 | I |
35 50 75 90 oo %

BMEP

— — — SRC -II with pilot injection of diesel fuel
—— Diesel fuel

Figure 21. Experimental results obrained with SCR-11 at constant speed
n = 120 rpm. (Source: J. 8. Dunlay, et al., Pertormance
Tests of Slow Speed, Two-Stroke Diesel Engine Using Coal-Based
Fuels, NTIS TE7905-267-80, Contract No. EF-11-C-01-2647 [U.S.
Department of Energy, June 1980}, p 29.)

355, B. Dunlay, et al., 1979, p 29.
36;. 8. Dunlay, et al., 1979, p 31.
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Experimental results obtained with
SRC -II, Constant speed n=120 rev/min

 § Diesel fuel (reference)
Hy =42460kJ/kg

920°¢=840kg/m3

D + e + e SRC-1I with pilot injection
of diesel fuel

Hy =38227kJ/kg
g/k Wh Ppqec =975 ke/m
24
NOyx - Emission
* —_.——
o o T
22 —- o p—
L.+ +
b
o
2 20 et TF
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\
16 »
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Figure 22. Tests with coal-derived fuels. (Source: J. B. Dunlay, et al.,
Pertormance Tests of Slow Speed, Two-Struke Diesel Engine Using
Coal-Based Fuels, NTIS TE7905~267-80, Contract No. EF-11-C-01-

2647 [U.S. Department ot Energy, June 19801, p 31.)

LA




D e . B A S T e T B S o A "N R S S SR S e A

SRC=11 was tar superior to slurry triais, hut not as promising as COED.
A though SRC-1! pertormed similarly to diesel tuel in terms of combustion, it
di1d require prlot injection and monitoring tor corrosion on rubber hoses and
rings.

Ot the ceal tuels, COED 1s the most teasible substitute. COED performed
simiarly to diesel fuel with repard ro BSFGC, smoke emissions, and ignition
dolay. Knocking was not a problem it any load. Nitrous oxides and carbon
monoxide emissions were above those ot diesel exhaust, though, and a review of
ambient air laws would be in order bhetore .sing this ftuel. 1t must be noted
that COED was tested with a slow-speed diesel (120 rpm); faster engines may not
pertorm as well. Table 8 summarizes experimental results trom the coal fuels.
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4 VECETABLE O1LS

Vepgerablce oils e 1 o rencsanle souree ot tuel, with peanut and soybean
o1ls espectaliy popurar Jdue o demestie avallability.  Theilr use 1n diesel en-
2ines has long peen investrgoated. o 1900, Dr. Rudolph Diesel powered one ot
his eazines with peanut oy At toe Parts Exposition.  Since then, numerous at-
tempts have been made o adapt the diesel engine to o attailn satistactory combus-—
tion with vegetabice ils. Sing.o raeling wilh vegetable oi1ls has been rried
Wwith vary:iny results,. Some vner foel asually 1s introduced 1o assist an
lgnition; 1t may then be replaced ny the vegetable oil or may be present during
all combustion via a dual 1njection svstem or premixing,

[rials with single tfueling by vegetable oil tollowing a diesel tuel start
fave heen g tile encourdaging, oxcerl where power oulput 1s ot prime
importance.  Since these otls have 1 lower enercy content than diesel fuel,
cqual tuel tlow rates vili yieid a lower power output uniess the engine is
moditicd.  ror example, redesioned i1njecrion equipment or moditied injection
iprays <ould produce the destired results,

Forgiel and Varde investizated fueling the diregt injection diesel engine
with wvegetable olls using various 1njection nozzles. They evaluated engine
performance in terms ot power output, brake thermal efficiency, and emissions,
and monitored the changes n these parameters with different nozzles. All
rests were conducted on a one-cylinder, naturally asptrated, air-cooled engine
with a 95-mm (3.74-1n.) bore, 95-mm (3.74-in.) stroke, 17:1 CR, and a rated
soeed ot 2800 rpm. The naturally aspirated engine was chosen tor 'r- increased
tgnition delay and sensitivity tu tuel gquality.

Three dittarent rnossles wore se¢ 7 P he cxperaiment--the standard injector
With four oritices, nGomie 3, nd wo o' ner occies, A and C, with approxi-
mately 25 percent mare and J4 et Loss s SseCt tonal o area, respectively
(Table 13).°°

Thar tue s ased were N D e 0 Uy e et gy syl ed sovbean L,
and 100 percent pooanar oy T T T R UL AL A TS SR AT CRN TS
and other wcepatah . v:I;.5q Yl Foee b e re g T Lt e S o dy g gt e
cond il ions . SUArT 5 we T 0 T 0w T e e T e g T e gy
switched "t the cvnerimen 0l L W, W i Dk New D e e e
shutdown. A oo Tome was it v 1ol e Y ST 04
Pl L, WRL N Tt et My Lt o L o e T S s a T, T

abuirt oy, dndd Mior ool oL it ace o the o

Sl feaie e XLS. Varde, "E:  rimental Investilipgation ol Veoo! oo
Uttisoarion oo Jirect Injec n Diesel Engine,” Alternate rue.s tor
_Qﬁnu:nww “p-503 (Warrendale, . SAE, 1981), pp 59-66.

O3, Forerol and ¥. 5. Varde, p 60.
J S

R. Foroie. and K. S, Yarde, p 603 C. K. Goering, et il., p 1475,
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Table 13

Nozzle Oritices Used in Experiment

Nozzle A Nozzle B Nozzle C
(OEM)
No. ot oritices 4 4 5
Orifice diameter (mm) 0.36 0.32 0.25
i/d 1.9 2.3 2.8

Source: R. Forgiel and K. S. Varde, "Experimental Investigation of Vegetable
Oils Utilization in a Direct Injection Diesel Engine,'" Alternate
Fuels for Diesel Engines SP-503 (Warrendale, PA: SAE, 1981), p 60.

Table 14

Properties of Fuels Used in Experiment

Diesel #2 Soybean Peanut
Density (g/cc) .825 .899 .900
Heating value (kJ/kg) 42580 37064 37282
Viscosity @ 24°C (CS) 2.8 39 40.5
@ 43°C (CS) 1.8 10.5 15.0
Cetane no. 46 33 35
Heaﬁ of vaporization (cal/g) 61 52 53
Flash point (°C) 60 332 326
Spec. heat @ 38.6°C (cal/g °C) 0.44 0.469 0.490
Surtace tension (dynes/cm @ 20°C) 28 33 35

Source: R. Forgiel and K. S. Varde, "Experimental Investigation of Vegetable
Oils Utilization in a Direct Injection Diesel Engine,'" Alternate
Fuels for Diesel Engines SP-503 (Warrendale, PA: SAE, 1981), p 60.
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Pertormance ot the No. 2 diesel tuel with nozzle B was used as the base-
line value, with 100 percent l!oad detired as the maximum load at 2800 rpm.
Power outpul was attected by che nozzle and the tuel. The smaller than stan-
dard nozzle, €, could produce 100 percort of the baselire power when fueled
with No. 2 diesel. With the more viscous soybean oil, this smaller nozzle de-
livered 30 percent, and with the most viscous peanut oil, 90 percent baseline
power was achieved.

The larger than standard nocesle, A, delivered up to 110 percent baseline
power with diesel tuel. This setup yielded 100 percent power with both soy-
bean and peanut oils. The higher mass tlow rate accommodated by this nozzle
15 thought to account tor the high power output. The standard nozzle, B,
reached 100 percent power with soybean oil but only 90 percent with peanut
Oll.

For power output, the enlarged nozzlec pertormed best. However, the stan-
dard nozzle lost only 10 percent of 1ts maximal power output with the peanut
o1l and none with the soybean oil. This 10 percent loss may be justified to
avold retrofit costs.

BTE was plotted against the load in Figure 23.%0  ynder most conditions,
the standard equipment nozzle, B, produced the highest efficiency. Little
difterence was noted between the fuels except when peanut o1l was run through
nozzle A; here, a measurable tncrease in BTE was noted. Peanut oil achieved
an efticiency equal to or slightly greater than diesel fuel under most operat-
ing conditions.

Although the kinetics of smoke tormation are not well understood, this
property has been correlated with atomization. Greater atomization yields
smaller droplet size and tends to reduce smoke production. Since orifice size
atfects the droplet size, the largest nozzle, A, 1s predicted to have the
zrearest amount of smoke formation; nozzle C, the smallest, should have the
l2ast. These, in fact, are the effects shown in Figure 24.,° The standard
and the enlarged nozzles produced less smoke with vegetable oils than with
diesel tuel. Peanut o1l produced the least smoke. For the smallest nozzie,
the diesel pertormed better than the vegetable oils, with peanut oil still
producing less smoke than soybean oil. The reason for this inversion 1n the
smallest nozzle is not understood.

Nirraoven oxide emissions are dependent on local mixture concentrations
art comperatures, both ot which are atfected by orifice size. Figure 25 sum-
marioes the nitrogen 2missions, revealing that the largest nosnzle produced the

Lowess emissions, wher2as the standard nozzle produced the highest
coresntration of exhaust oxides.”®  Apparently, nitrous oxides production
L0, e

OJ. Foryeiel oand K. S. Varde, p 6l.

4 . . v

j;&. Forgarel o and KXo 5. Varde, p 62,

R “orgie o and K. o5, Varde, p 64,
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_Nozzle: 4x032(B)

———— Diesel 2

B = ———~ Peanut Oil
——— Soybean Qil
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i ] | | | |
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~Nozzle: 5x0.25 (C)

] ] ! ] .
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Figure 23, FEttects ot nozzle and fuel on engine etficiency. (Source:

R. Forpiel and K. S. Varde, "Experimental Investigation of
Vepetable Oils Utilization in a Direct Injeclion Diesel
Enpine," Alternative Fuels tor Diesel Engines SP-503

[Warrondnf@, PA: SAF, lGSiw,ﬁp 61.
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Figure 24, Comparison of smoke levels (Source: R. Forgiel and K. S. ]
Varde. "Experimental Investigation uf Vegetable Oils Utiliza- ®
tion in a Direct Injection Diesel Engine,'" Alternative Fuels j
tor Diesel Engines SP-503 [Warrendale, PA: SAE, 1981], p 62.)
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increases with an inittial decrease in nozzle size, then decreases with further

stze reduction. -

PO e |

In general, soybean oil produced the fewest nitrous oxides emissions over o,
the widest range with all nozzles. Peanut oil tended to be in the middle for B
nitrogen production and diesel was at the top. Little sensitivity to fuel
type was detected in the standard and small nozzles. The larger nozzle
distributed nitrogen exhaust with the various tuels more than the others. Ni- ]
trous oxides emission increased for all fuel types as load increased. For all -
nozzles and fuels, highest emissions occurred during the most thermally effic- o,

lent periods.

Hydrocarbon concentrations are graphed against percentage load in Figure
26. Peanut oil emitted the fewest hydrocarbons, whereas diesel and soybean q
were the top producers, depending on nozzle size.

Noise production and carbon and gum deposits also were checked during
testing. For a given nozzle, fuel type did not affect noise levels. After
vegetable oil use, the engine was found to have gum deposits in the combustion 4
chamber and carbon buildup on the injection spray tip. Long-term effects of ®
depositions resulting from burning vegetable oils are unknown. )

In terms of thermal efficiency and emissions, peanut and soybean oils ap- )

pear to be viable replacements for diesel fuel during steady-state operation 1
with the standard nozzle. If power output is of prime concern, a larger

nozzle may be needed for peanut oil to produce the desired results. Stability 1

and engine wear are two concerns that must be examined before using these fuel 1

alternatives, however. ]

)

1

Fishinger, et al., tested engine durability and fuel-engine cozgatibility .i
in a study using a premixed blend of vegetable oil and diesel fuel. They "
monitored a diesel school bus fueled with a 20-80 percent blend of waste vege-
table oil and No. 1 diesel tuel. After 4750 miles, results on smoke
emissions, fuel consumption, and engine wear were comparable to baseline
diesel No. 1 values. Although clouding became a problem at lower
temperatures, a toluene solvent alleviated the condition, leading to a strong
recommendation for this fuel option.

- The test engine was a GM, 6V-71, two-cycle, 426 CID diesel with a 127-mm j
Py (95-in.) stroke, a 108-mm (4.25-in.) bore, and a 17:1 CR. This engine powered ‘
a bus that averaged 50 miles during 8 hours of continuous running each day. £ |

43g. Forgiel and K. S. Varde, p 65.
® M. K. Fishinger, et al., "Service Trial of Waste Vegetable Oil as a Diesel »
s Fuel Supplement,'" Alternate Fuels tor Diesel Engines SP-503 (Warrendale, PA: 1
o SAE, October 1981). 1
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Figure 26.

Variation of hydrocarbon emission for different fuels,
(Source: R. Forgiel and K. S. Varde,"Experimental
Investigation of Vegetable Oils Utilization in a Direct
Injection Diesel Engine," Alternative Fuels for Diesel
Engines SP-503 {Warrendale, PA: SAE, 1981], p 61.)
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Smoke tests revealed a slight increase in opacity for the 20-80 blend. Figure
27 shows an Averagzsreading of 0.5 units over baseline diesel values on the
Bosch Smoke scale. This increase is assumed to be caused by changes in in-
jector spray atomization that accompanied the higher viscosity of the blend.
I'his trend 1s also suggested by the higher smoke levels at lower temperatures.

Although many uncontrollable factors influenced the engine's fuel
economy, mean results for consumption ot straipght diesel fuel and the 20-80
blend were approximately the same. Calculations tor straight diesel averaged
.584 L/km (4.03 mi/gal) and those tor the 20-80 blend averaged .581 L/km (4.05
mi/gal). This agreement in mileage is most surprising in light of the differ-
ent drivers, traffic, loading, and other variables.

Atter testing, the engine was disassembled and inspected. A carbon
buildup ot 1.6 mm (1/16 in.) was discovered on the engine head, piston heads,
and injector tips. This accumulation was not considered excessive, consider-
ing the long idling times in the daily runs. Symmetrical firing patterns on
the piston heads .ndicated adequate ftuel passage through injector tip holes.
Subsequent analysis of the inj)ectors verified tolerable fuel hold time and
pressure. Cylinders, rings, and intake ports checked out in good condition
with no carbon or gum deposits.

Bosch
Interpretation
oFr-——————"""""""""—————— = ——— - 17 Interference
With
——————————————————————————————————— 14 Visibility
8- ~1 § Disturbing
Darkness
6F T T Tt TTTTTTTTTTTTTTTTTTT 31 clearty
e, e, Visible
= 1 { Faintly
4 Visible
————————————-—-————O---8 ————————————————— —~
20-80 Diesel
2 |- o~ _100% Diesel | { tnvisible
o I T i . ig T4 Eye
o) ] | 1 | | ;——§§::l { ]
0 10 | 20 39 40 510 60 JO 80 N S0 Temperature (°F)
-10 0 10 20 30 Temperature (°C)
Figure 27. Effect of temperature on smoke output. (Source: M. K.
Fishinger, et al., "Service Trials of Waste Vegetable
0il as a Diesel Fuel Supplement," Alternate Fuels for Diesel
Engines SP 503 {Warrendale, PA: SAE, 1981}, p 72.)
S5n i

Cardis Fishinger, et al., p 72.
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‘he fuel blend solidified at -6.6°C (20°F). Waxing was so extensive in
the fuel tilter that tlow was completely blocked., Past remedies for similar
problems with No. 2 diesel have included tuel heaters and additives, but in
this instance, a wax solvent high in toluene cleared the blockage.

Aside ftrom clouding in cold weather, the vegetable oil/diesel fuel blend
performed admirably. Satisfactory fuel efficiency, smoke emissions, and main-
tenance requirements were realized without engine modification. Noxious ex-—
haust components were not monitored, however, and should be considered before
large-scale use of this fuel. Also, no information was gathered on engine
knock and limiting amounts ot diesel substitution with vegetable oils.

Coering, et al., investigated the combuszion of hybrid blends of
vegetable o1l and alcohol in a diesel engine. 6 They prepared
thermodynamically stable microemulsions of aqueous ethanol and soybean oil to
be used tor testing. The soybean oil was chosen because of its abundance and
low cost; ethanol was chosen as a nonpetroleum organic solvent to reduce the
oil's viscosity. Blends were developed and compared with SAE sgecifications
for No. 2 diesel fuel, with results listed in Tables 16 and 17. 7 Both ionic
and nonionic emulsions were tested in an engine with the following specifica-
tions: three-cylinder, naturally aspirated diesel with 2491 L (147.6 cu in.)
displacement and rated at 26.3 kW (35.27 hp) at 2400 rpm. 'n addition, No, 2
diesel fuel was burned for baseline values.

Short-term performance tests showed promising results in terms of power
output, thermal efficiency, and knock (Table 18). 8 power output of the
hybrid fuels came within 5 percent of the baseline fuel. The nonionic blend
almost reproduced the peak power of the No. 2 diesel, despite a 6 percent de-
crease in injection energy. This additional power per unit energy was achiev-
ed with an increase in BTE. The hybrid fuels sustained leaner combustion
(smaller equivalence ratio) because of their oxygen content (Figure 28).
Although the hybrids' CN of 25 was substantially lower than the SAE
recommendation of 40, the audible diesel knock with the baseline fuel did not
increase with the hybrid blends.

Shortcomings of the hybrid fuels included increased BSFC and poor start-
ability. Higher tueling rates and thus increased BSFC were due to the greater
viscosity and lower heating values of the hybrids over the baseline fuel.
Ditficulty with engine startups necessitated the use of No. 2 diesel or ether,
which were problem-free remedies.

46¢. g, Goering, R. M. Campion, A. W. Schwab, and E. H. Pryde, "Evaluation of

Soyoil-Ethanol Microemulsions tor Diesel Engines," Vegetable 0il Fuels, Pro-
ceedings of the International Conference on Plant and Vegetable Oils as
Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ. 4-82 (ASAE, 1982), pp 279-286.
C. E. Goering, et al.

48¢, g. Goering, et al.

49, &. Coering, et al.

60

. el TSP T R  A, N VR TP Y B

A Al

v

Sttt sl

e
e, .

@t




S
s -
\ .o
h Table 16
X o
s Compoustition ot the Hybrid Fuels }f:
: :
b Fuel Chemical Fuel -®
Soybean o1l -- 52.3 53.3
190-Proot ethanol CZHGO 17.4 13.3
, l-Butanol C4H100 20.5 33.4 oo
Linoleic acid CyqH,,0 6.54 0 -
| . ! 18113292 o
: Triethyl amine CGHLSN 3.27 0 p
:
; Source: C. E. Goering, et al., "Evaluation of Soyoil-Ethanol Microemulsions :
§ tor Diesel Engines," Vegetable Qil Fuels, Proc. Int. Conf. on Plant 4
h and Vegetable Oils as Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ. X
\ 4-82 (St. Joseph, MI: ASAE, 1982). ®
Table 17 1
Calculated Properties of Fuels J
4
Fuel .1
Property Ionic Hybrid Nonionic Hybrid No. 2 Diesel :
Higher heating value (kJ/kg) 36687 37045 45343% 1
Stoichiometric A/F ratio 11.60 11.57 14.55 ]
t .‘
- *Measured.  j
A Source: C. E. Goering, et al., "Evaluation of Soyoil-Ethanol Microemulsions ]
- for Diesel Engines,'" Vegetable 0il Fuels, Proc. Int. Conf. on Plant o
and Vegetable Oils as Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ. "1
4 4-82 (St. Joseph, MI: ASAE, 1982). .‘
g e
Table 18 y
p
Engine Pertormance at Maximum Power )
. o
Max Power Fuel Supplied Energy Supplied Brake Thermal ]
Test Fuel (kW) (mg/injection) (kJ/injection) Efficiency (%) R
No. 2 diesel 24,1 86.1 3.91 30.5
[onic hybrid 22.9 101.2 3.71 32.2 o
Nonionic hybrid 23.7 99.9 3.70 32.3 .<
No. 2 diesel 23.9 86.9 3.94 30.3 - :
9
]
Source: C. E. Goering, et al., "Evaluation of Soyoil-Ethanol Microemulsions )
for Diesel Engines,'" Vegetable 0il Fuels, Proc. Int. Conf. on Plant °
and Vegetable Oils as Fuels, Fargo, ND, 2-4 August 1982, ASAE Publ. 3
4-82 (St. Joseph, MI: ASAE, 1982).
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Effects ot the hybrids on engine wear and emissions were not examined but
possible safety and cost deterrents were mentioned. The hybrid fuels have a
tlash point between 22 and 28°C (72 and 82.9°F), which is low, but the fuels
could be handled with methods suitable for straight ethanol with a flashpoint
at 14.,4°C (58.2°F). The hybrids' prohibitive costs were a concern, coOst’'ng
about 200 to 225 percent of the price of No. 2 diesel at the time of the
study.

Vepetable oils tested included undiluted oils and blends with diesel fuel
and alcohols. Undiluted soybean and peanut oil performed very well. Soybean
otl produced the same power output as diesel fuel with similar BTE and knock
and tewer emissions. Peanut o1l could produce only 90 percent of baseline
power ocutput, but 1ts efficiency equaled or surpassed diesel values; moreover,
smoke emissions, nitrous oxides, and hydrocarbons were generally less than for
diesel tuel. Peanut oil combustion did not increase noise production over
diesel levels., Although these fuels' performance was excellent during warm-
run, steady-state conditions, startup, cold, and long running conditions may
present a problem. Startability with neat vegetable olls was not monitored,
but other experiments have suggested that starting may be difficult. Hence,
present systems may need to be retrofitted for a diesel or ether-assisted
start. In addition, vegetable oils' high solidification temperatures may pre-
vent cold-weather runs, and engine deposits may obstruct long-term operation.

The vepetable n1l/diesel blend was the only fuel reviewed in a long-term
tield experiment, and results were encouraging. Apparently, normal operation
was achieved in terms of power output and fuel economy in nearly 5000 miles,
No retrofitting was done, but no knock or engine wear problems were report-
ed. Smoke was the only emission monitored; only a slight increase in exhaust
smoke opacity was detected.

The soy otl/ethanol blend pertormance was also acceptable, with engine
noise no more 1ntense than standard diesel knock. Power output was within 5
nercent ot the diesel level and thermal eificiency was comparable. On the
wegative side, faster fueling rates led to a BSFC greater than diesel's, and
inittial startup required a diesel or ether assist. Information on emissions
and »ngine wear was not reported; also, the low flash point of this blend was
noted as a possible satety hazard.

Fable 8 summarizes experimental results from the vegetable o1l fuels.
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